The playback of sounds to animals to assess their behavioural responses presents a powerful tool to study animal cognition in the wild. While playbacks are commonly used to study acoustic responses in birds and other terrestrial animals, their application to the study of marine mammal cognition so far has been limited. A survey of the published literature on field playback experiments with marine mammals identified 46 studies, with a trend towards increased use of playback approaches in recent years. Field playbacks to marine mammals have been used to address questions of wildlife management, the impact of anthropogenic noise, acoustic interactions between predators and prey, individual and kin recognition, as well as the function of communicative sounds. This paper summarizes the major findings of marine mammal playbacks to date and reviews recent advances in the design and execution of playback experiments, with special reference to marine mammals. Issues concerning appropriate presentation of acoustic stimuli, appropriate quantification of behavioural responses, as well as appropriate control and replication of treatments are discussed. An analysis of replication in marine mammal playbacks showed that the use of a small number of playback stimuli to conduct multiple playback trials (pseudoreplication) was common. This overview of playback experiments in the study of marine mammal cognition in the wild showed that such approaches contribute significantly to the field; however, in many cases, there appears to be substantial room for improvement of playback procedure and experimental design.
Introduction
Playback is the experimental presentation of recorded sensory stimuli to animals to investigate their behavioural or psychophysiological responses. Test stimuli can be visual (using video projection; e.g., Ord et al., 2002; Rosenthal et al., 2004; Trainor & Basolo, 2006) , but in practice, most playback experiments investigated responses to sounds. Playbacks of acoustic stimuli can be used to investigate responses to conspecific and/or heterospecific biological sounds as well as to anthropogenic noise. Playback has become an indispensable tool for researchers of animal behaviour and bioacoustics as well as for those conducting industrial noise mitigation studies. Cognition describes the higher-level processes involved in storing, editing, and integrating sensory information, such as memory, perception, and learning, and playback is probably the most commonly used method to study sound cognition and communication in wild animals. While its use is common in research on terrestrial animals, such as birds and anuran amphibians (see Falls, 1992 , for an overview), playback is still only used infrequently to study marine mammal cognition, especially in the field. This fact may seem surprising in so far as most marine mammal rely primarily on sound to communicate and to obtain information about their environments.
In the austral spring of 1964, William Watkins and William Schevill of the Woods Hole Oceanographic Institution lowered an underwater speaker through a hole in the ice covering McMurdo Sound, Antarctica, to play recorded sounds from Weddell seals (Leptonychotes weddellii) back to these animals (Watkins & Schevill, 1968 ) and, thus, conducted one of the first field playbacks to a marine mammal in its natural habitat. Since this first field playback over four decades ago, there has been a slow, but steady, trickle of research using sound playbacks to study the acoustic cognition and communication of marine mammals with clear signs of an increasing trend since have brought about substantial progress in some areas of cognitive research, such as the study of acoustic mother-offspring recognition in otariids (e.g., Trillmich, 1981; Insley, 2001; Charrier et al., 2002a) , and this success validates the usefulness of this approach. Yet, researchers in other areas of marine mammal cognition appear to be hesitant to use playbacks to answer cognitive questions. Field playbacks to odontocetes have been largely limited to two species: the bottlenose dolphin (Tursiops truncatus) (e.g., Sayigh et al., 1999; Gannon et al., 2005) and the beluga (Delphinapterus leucas) (Morgan, 1970 (Morgan, , 1973 Fish & Vania, 1971) . While several species of mysticetes have been studied using field playback experiments (gray whales, Eschrichtius robustus; humpback whales, Megaptera novaeangliae; right whales, Eubalaena spp., bowheads, Balaena mysticetus; and rorquals, Balaenoptera spp.), the majority of these studies have been controlled exposure experiments to assess responses to anthropogenic noise. The number of playback studies to learn about mysticete cognition and communication is limited. For sirenians, a single preliminary playback trial investigated acoustic recognition in a captive motheroffspring pair of Amazonian manatees (Trichechus inunguis) (Sousa-Lima et al., 2002) and a field experiment assessed the response of Florida manatees (Trichechus manatus latirostris) to boat noise (Miksis-Olds, 2005) . A single controlled exposure experiment has been conducted with polar bears (Ursus maritimus) to assess the impact of human noise (Eckhart, 2005) . To date, no playback studies on sea otters (Enhydra lutris) have been published in the peer-reviewed literature.
Compared to the study of bird acoustic communication, where over 200 playback studies have been published in the last five years alone, it appears that researchers of marine mammals are slow to include playback components in their research projects. The reasons for the limited use of playbacks in marine mammal science are primarily the logistic challenges of studies at sea or at remote haulouts and rookeries, the high cost of conducting field research on marine mammals, and the difficulty of quantifying behavioural responses to underwater playbacks. In addition, many field studies into acoustic communication of marine mammals were only initiated relatively recently and therefore still provide insufficient background information to phrase complex cognitive questions. Additional research using playbacks has been conducted on marine mammals in captivity, and the results of this research underscore the value of the playback approach (e.g., Morgan, 1973; Thomas et al., 1990; Miksis et al., 2001; Shapiro et al., 2004) . Captive playbacks have revealed much about the perceptive and cognitive abilities of marine mammals, information that could not have been obtained easily in the wild. Even so, learning how marine mammals apply their perceptive and cognitive abilities to find food and evade predators in their aquatic habitat, and to function in their often complex social environments, requires studying wild marine mammals in their natural surroundings and social context. Framing questions about cognition, including those best answered with playbacks, requires a large amount of groundwork. As an example, formulating hypotheses about the function of vocalizations requires good description and sound understanding of the vocal repertoire and social interactions of a species. Quantifying changes in behaviour in response to playback experiments requires baseline information on normal patterns of behaviour and their variation from observational studies. Finally, conducting playbacks of biological sounds with adequate replication requires sufficient numbers of high-quality recordings of the sound stimulus, something that is currently available for only a very small number of marine mammal species.
As a number of long-term studies on wild populations of marine mammals reach maturity, this groundwork has been completed for a number of species from a variety of taxonomic backgrounds. Therefore, the time is ripe to take cognitive research into the wild, and the recent increase in the number of playback studies conducted with free-ranging marine mammals (see Figure 1 ) may well be reflective of this. At this point, it is valuable to take stock of the progress made so far as well as to examine research on terrestrial animals to learn from the expertise and knowledge gained here. The first objective of this paper is to provide an overview of the peer-reviewed literature on the use of playbacks to assess responses of wild marine mammals spanning four decades. The second objective is to discuss the design of playback trial and the analysis of the collected data with a special focus on issues and considerations relevant to marine mammalogy. Finally, I synthesize this information to point out solutions to common problems and new ways to integrate playback approaches into existing research projects. By assessing the contribution of field playbacks to the study of marine mammal cognition and establishing standards for sound playback design, I hope to better delineate the role of playbacks in the future of cognitive research on free-ranging marine mammals.
A Survey of Marine Mammal Playbacks

A Brief History of Playbacks to Marine Mammals in the Field
Since the publication of the first field playback study on marine mammals (Watkins & Schevill, 1968 ), there has been slow but steady progress in the application of playback techniques in the wild. The 1970s saw the first attempts to use playbacks of killer whale (Orcinus orca) calls as a tool in wildlife management to exclude marine mammals from certain areas (Fish & Vania, 1971; Anderson & Hawkins 1978) , as well as the first playbacks of conspecific calls to captive and free-ranging belugas (Morgan, 1970 (Morgan, , 1973 . During the 1980s, playback studies investigated mother-pup recognition by means of inair sounds in pinnipeds (Trillmich, 1981) , a line of research that has since undergone rapid expansion. In this decade, researchers conducted the first playbacks of conspecific sounds to mysticetes to gain an understanding of the function of acoustic communication in these species (Clark & Clark, 1980; Tyack, 1983; Mobley et al., 1988) . The foundations for the study of impacts of anthropogenic noise on marine mammals using controlled exposure experiments were also laid at this time (Malme et al., 1983 (Malme et al., , 1988 Richardson et al., 1985) . During the 1990s, all aspects of playback research on marine mammals expanded. Some of the long-term studies on marine mammals were reaching maturity, and this allowed researchers to address more complex cognitive questions (e.g., individual recognition: Sayigh, 1992; Sayigh et al., 1999) . Dahlheim & Ljungblad's (1990) exploratory use of projected sounds to determine the hearing sensitivity of free-ranging baleen whales presents an innovative use of field playbacks conducted at this time.
With the turn of the millennium came a distinct increase in the interest in marine mammal playback research. Whereas before 1999, less than two field playback studies were published on average in the marine mammal literature in a given year, this number has since increased to consistently between three and six playback publications annually (see Figure 1 ). One area of increased interest has been the study of mother-pup acoustic recognition in pinnipeds (e.g., McCulloch et al., 1999; McCulloch & Boness, 2000; Charrier et al., 2001 Charrier et al., , 2002a Insley, 2001) . Here, several populations have been studied intensively for decades, providing a rich background of information that may explain the increase in playback studies. Another area that has shown a distinct increase in productivity is the study of responses of marine mammals to anthropogenic noise using controlled exposure experiments (e.g., Frankel & Clark, 2000; Miller et al., 2000; Fristrup et al., 2003) . This increase in publications may well be due to heightened awareness and increased use of highamplitude sounds for scientific (e.g., Acoustic Thermography of Ocean Climate [ATOC]) and military purposes (e.g., Low-Frequency Active Sonar [LFA]). Whether this recent trend towards more frequent use of field playback experiments in marine mammal bioacoustics represents a temporary phenomenon or whether it will continue into the future is currently difficult to say; however, the advances brought about in some areas of marine mammal behaviour and cognition by the increased use of field playback experiments should make one hopeful that this trend continues.
Types of Marine Mammal Playback Studies
Sound playbacks to marine mammals have been used for a variety of purposes. In a few studies, playbacks served primarily as a research tool. For example, Deutsch et al. (1990) used in-air playbacks of sounds of aggressive males in combination with other stimuli to entice male Northern elephant seals (Mirounga angustirostris) to move onto a weighing platform to document changes in body weight over the course of the breeding season. Similarly, Hayes et al. (2004a) used underwater playbacks of vocalizations of male Pacific harbour seals (Phoca vitulina richardii) to identify territorial males and to map their territories. In the vast majority of studies, however, playback experiments were used to study the responses of marine mammals to acoustic stimuli and thus to gain insights into their behaviour and cognition. The primary areas of marine mammal science that have incorporated playback experiments are wildlife management, research into the impact of anthropogenic noise, the study of individual and kin recognition, the study of predator-prey interactions, and the study of the function of communicative vocalizations (see Figure 2 ). To assess the current state of marine mammal playback research, I summarize the 46 playback experiments conducted with marine mammals cited in Table 1 and will discuss their contribution to the different areas of research in more detail.
The Role of Playbacks in Marine Mammal Management
The role of sound playbacks in the management of marine mammals is to elicit behavioural responses in certain individuals to prevent them from interfering with human industrial activities (e.g., fishing), to save them from negative impacts caused by human activity (e.g., seismic testing, underwater explosions), or to prevent stranding or other accidental death. While the primary purpose of playbacks conducted for management reasons is not necessarily to learn about the animals' behaviour and cognition, such playbacks nonetheless often generate information that is highly relevant to cognitive or behavioural questions, thus warranting their discussion here.
One of the first playback experiments with cetaceans in the field was conducted by Fish & Vania (1971) , who played recordings of killer whales to belugas in the Kvichak River, Alaska, with the objective to exclude them from the river to reduce predation on outmigrating salmon (Oncorhynchus nerka) smolts. While underwater playbacks of noise or music appeared to have little effect on the belugas' behaviour, they showed a strong avoidance response to playbacks of killer whale calls. While the playbacks clearly were successful from a management perspective, it remains unclear whether the belugas recognized the sounds as coming from killer whales; they also responded to two preliminary playbacks of 2.5 kHz randomly pulsed tones. Anderson & Hawkins (1978) tested the effectiveness of underwater broadcasts of various synthesized and recorded sounds (killer whale calls as well as banging and shouting) to keep grey seals (Halichoerus grypus) away from salmon nets in Scotland. They found that none of the sounds was consistently effective at deterring seals from approaching or depredating nets. Shaughnessy et al. (1981) conducted underwater playbacks of killer whale calls to Cape fur seals (Arctocephalus pusillus) to test if such playbacks could be used to prevent fur seal depredation and interference with fishery operations off southern Africa. Fur seals showed distinctive and consistent behavioural responses to the playback of killer whale calls, but responses were of short duration. The animals dove for 10 to 30 s and oriented towards the sound source after which they typically resumed their previous activity. If playbacks were conducted to fur seals inside a set purse-seine net, 48 to 100% of the seals left the net, but most returned within 1 min of the start of the playback. Additional presentation of a visual stimuli (models of killer whale dorsal fins) had no recognizable effect. It therefore seems that the responses of the fur seals were too transitory for playback of killer whale calls to prevent depredation and interference in the long term. Iida et al. (2006) tested the effectiveness of in-air and underwater playbacks of artificially generated frequency sweeps and strobe lights to drive Steller sea lions (Eumetopias jubatus) away from Table 1 . Summary of field playback experiments with marine mammals, giving the species and research topic of each study; the column "Pseudoreplication" indicates whether trials were replicated to ensure statistical independence (simple = a single playback sequence was used per treatment; sacrificial = a few playback sequences were used for each treatment to conduct multiple trials, or focal individuals were used repeatedly; true replication = all trials were statistically independent or nonindependence was addressed statistically).
Taxon species Study Primary research topic Pseudoreplication
Balaenidae Balaena mysticetus Richardson et al., 1985 Response to anthropogenic noise Simple Richardson et al., 1990 Response Frankel & Clark, 1998 Response to anthropogenic noise True replication Frankel & Clark, 2000 Response to anthropogenic noise True replication Miller et al., 2000 Response to anthropogenic noise True replication Fristrup et al., 2003 Response to anthropogenic noise True replication Eschrichtiidae Eschrichtius robustus Cummings & Thompson, 1971 Predator-prey interactions Simple Malme et al., 1988 Response to anthropogenic noise Simple Dahlheim & Ljungblad, 1990 Charrier et al., 2001 Individual and kin recognition True replication Charrier et al., 2002a Individual and kin recognition True replication Charrier et al., 2002b Individual and kin recognition Sacrificial Charrier et al., 2003a Individual and kin recognition True replication haul-outs and fishing gear; they found that in-air playbacks resulted in the greatest avoidance followed by strobe lights and underwater playbacks. Mobley et al. (1988) reported the first use of playbacks to prevent cetaceans from accidental stranding. A humpback whale had been sighted in the Sacramento River, California, in October 1985 for more than three weeks, causing concerns about its well-being. After playbacks of conspecific feeding calls from a vessel downstream, the animal turned and continued to follow the vessel for over 7 h until it reached the open ocean. During this time, the playback vessel broadcast the feeding calls only sporadically to avoid habituation. The same individual was sighted off the Farallon Islands, California, the following summer, suggesting that the attempt to return it to its normal habitat had been successful in the long term. Goold (1999) attempted to use playback of sperm whale (Physeter macrocephalus) codas to entice a group of six juvenile sperm whales to leave a narrow confined bay in the Orkney Islands, Scotland. A single playback trial was conducted in poor visibility and elicited a close approach to the playback vessel by one individual. These preliminary results suggest that playbacks of conspecific sounds may be an effective means to influence the movements of cetaceans in situations where the animals are disoriented or in danger of accidental stranding.
Three studies used playback experiments to investigate avoidance responses of marine mammals to decrease the risk of vessel collisions. André et al. (1997) played various artificial and natural sounds to sperm whales off the Canary Islands, Spain, with the goal to use these sounds to reduce collisions with high-speed ferries in the region. They found little or no detectable response to killer whale calls, vessel noise, or percussive sounds. Playbacks of frequency sweeps and artificial codas caused some animals to stop vocalizing temporarily. Playback of a 10-kHz pulsed sound caused avoidance in some animals (strong avoidance in some cases); however, the animals appeared to respond only in certain behavioural contexts and there was evidence for habituation. To investigate means to reduce the number of ship strikes involving Northern right whales (Eubalaena glacialis), Nowacek et al. (2004) tested the response to playbacks of ship noise, conspecific social sounds, and a signal designed to alert the whales to an approaching vessel. The whales reacted strongly to the alert signal by swimming to the surfaceunfortunately, this response was more likely to increase rather than decrease the risk of collision. The animals reacted mildly to the social sounds of conspecifics, but showed no response to recordings of approaching vessels or to actual vessels in their environment. Miksis-Olds (2005) playbacks of sounds of personal watercraft tended to be more drastic than to those of small boats at idle or at planing speeds. These three studies showed that playback experiments can be extremely useful to learn about how and when marine mammals detect and respond to approaching vessels. These findings suggest that sound playback approaches should be considered in the development of effective management strategies for marine mammals. While the playback of predator sounds to exclude marine mammals from a given area may be effective in the short term, the results of playback trials of killer whale calls to Pacific harbour seals (Deecke et al., 2002) suggested that these animals are likely to habituate to such playbacks. Further research into the number and schedule of exposures leading to habituation is needed. The results of playbacks of conspecific sounds to remove cetaceans from locations where they may be in danger of accidental stranding are encouraging, but further controlled and replicated experimentation is required. Playback of predator sounds is not advisable in such situations since it is likely to evoke strong responses that could lead to further disorientation. The playback of vessel noise can help determine the extent to which different marine mammals rely on acoustic cues to detect vessels as well as to identify the mechanics of their escape response. In cases where this escape response occurs too late or is inappropriate to prevent collisions, transducers on ships could broadcast alerting sounds to warn the animals. More research is required into which types of sound could serve this purpose for different species, however. The stimuli tested so far (André et al., 1997; Nowacek et al., 2004) proved to be largely ineffective.
Controlled Exposure Experiments: Using Playbacks to Assess Responses of Marine Mammals to Anthropogenic Noise
Anthropogenic noise generated by increasing human activity in the marine environment has the potential to negatively affect marine mammals-animals that have sensitive underwater hearing and rely extensively on sound for orientation and communication. Increasing awareness of the potential effects of noise pollution has led to calls for experimental approaches to quantify the impacts of different types of anthropogenic noise. Controlled exposure experiments are field studies designed to broadcast controlled doses of an acoustic stimulus to assess behavioural and/or physiological responses of animals with the ultimate goal to determine population-level impacts of the noise source ; but see Bejder et al., 2006) . They are therefore playback experiments in the wider sense of the word. While their primary purpose is not to learn about animal cognition, they nonetheless often provide data on the hearing sensitivity, response thresholds, nature of avoidance responses, and other information relevant to the study of cognition and, therefore, are included here.
The first controlled exposure experiments were conducted in the 1980s to assess the effect of noise associated with offshore oil and gas extraction (airgun sounds and drilling noise) on grey whales off California and in the Bering Sea (Malme et al., 1983 (Malme et al., , 1988 , as well as on bowhead whales in the Beaufort Sea (Richardson et al., 1985 (Richardson et al., , 1990 . These studies documented some avoidance when animals were exposed to playbacks of drill ship noise, although feeding grey whales appeared to be more tolerant compared to migrating animals. The fact that certain individual bowheads were regularly observed near drill ships and dredges (Richardson et al., 1990) in spite of documented avoidance by most animals suggests that either there is substantial variation among individuals in their tolerance to anthropogenic noise or animals will eventually habituate to it. All studies found significant avoidance in response to airgun blasts.
Most controlled exposure experiments with marine mammals to date have been conducted with humpback whales in the Hawaiian Islands. The first experiments here were conducted to assess the effect of a low-frequency (60 to 90 Hz) sound source used in the Acoustic Thermometry of Ocean Climate (ATOC) experiment to measure long-term changes in ocean temperature. Playbacks of ATOC sequences with a reduced source level showed that the time between surfacings and the distance covered under water increased with higher received sound level (Frankel & Clark, 1998) . Experimental broadcasts using the full experimental source level (195 dB re. 1µPa) confirmed this finding (Frankel & Clark, 2000) . From a cognitive perspective, the suggestion that humpbacks exposed to low-frequency noise spend more time at depths may seem counterintuitive since this response will actually increase their exposure to the sound.
In the 1990s, the U.S. Navy developed a powerful sonar (SURTASS-LFA) based on frequency sweeps in the range of 150 to 320 Hz, with reported source levels of up to 215 dB re. 1µPa. One controlled exposure experiment has investigated the behaviour and distribution of fin (Balaenoptera physalus) and blue (B. musculus) whales off California (Croll et al., 2001) and did not find any obvious responses to the sound. Two experiments have investigated the effect of SURTASS-LFA on the singing behaviour of male humpback whales. Miller et al. (2000) followed and recorded focal singers for at least two full songs before broadcasting sonar signals with received sound levels of 150 dB re. 1µPa or less at 6 min intervals.
The six individuals that continued to sing during exposure increased the length of their songs by 29% during playback compared to pre-playback songs. Song length returned to normal after playbacks. Fristrup et al. (2003) measured diel variation in song length and also conducted playbacks of sonar signals (received sound pressure level for the nearest animal: 120 to 155 dB re. 1µPa). Song length was highly variable and increased during the course of the day. Song length also increased on days with higher local whale density and at times of heightened social activity. Playbacks showed that males increased the length of their songs if these were overlapped by sonar signals, and that the increase was greater than expected if singers simply compensated for song time masked by the signal. There also appeared to be a significant delay in the response; songs 1 to 2 h after the last playback in a series were longest. These two studies make an interesting contribution to the field of marine mammal cognition since they provide the first information on how noise interference affects acoustic signalling behaviour.
Two studies investigated the response of harbour porpoises (Phocoena phocoena) to anthropogenic noise. Olesiuk et al. (2002) studied the response of this species to acoustic harassment devices used by aquaculture operations to prevent pinniped depredation of farmed fish. They documented a drastic avoidance response, and exclusion extended substantial distances from the sound source. Even at distances of 2.5 to 3.5 km from the source, the observed number of porpoises was typically 8% of what would be expected had there been no response. Koschinski et al. (2003) investigated the response of harbour porpoises and Pacific harbour seals to underwater playbacks of noise generated by an offshore wind generator; they documented a significant shift in the distribution of porpoises and seals away from the sound source. The response of the harbour porpoises was not as drastic as their response to acoustic harassment devices. To date, the study by Koschinski et al. is the only controlled exposure experiment to have been published on pinnipeds. This is rather surprising given the abundance of certain pinniped species around centres of human activity. Eckhart (2005) conducted in-air playbacks with polar bears to test their response to recordings of human voices to determine the impacts of ecotourism operations. This study did not find a detectable response to the playbacks.
In an interesting variant of a controlled exposure experiment, Dahlheim & Ljungblad (1990) used an underwater loudspeaker to play tonal sounds to free-ranging gray whales on the Mexican breeding grounds in order to determine their hearing sensitivity and thus assess impacts of anthropogenic noise. While the study is preliminary in nature due to limited sample size, this approach has the potential to obtain audiogram information from species that are difficult to keep in captivity.
Playback Experiments in the Study of Individual and Kin Recognition
Many marine mammals live in environments where vision and olfaction are limited and, therefore, they rely primarily on acoustic cues to detect or recognize each other. Playback experiments have provided an excellent tool to determine the mechanisms and functions of kin recognition, to identify the acoustic features that code individual or group-specific variation, and to establish the distance over which recognition can occur as well as the time over which vocal features are remembered. While acoustic analysis can help to test whether vocalizations of a species exhibit individual or group-specific variation, playback presents the only means to establish whether such variation is actually used for recognition (e.g., see McCulloch et al., 1999) .
Most research on vocal recognition in marine mammals so far has focused on mother-pup recognition by means of in-air calls in pinnipeds. Many species breed in crowded rookeries, and females and pups often have to find each other over distances beyond the range where visual or olfactory recognition are possible. While female phocids generally have short maternal care, and mothers stay with their pups for the entire time in many species, otariids typically have a lactation period that lasts several months during which mothers leave for extended foraging trips. Trillmich (1981) first used in-air playbacks to investigate mother-pup recognition in two species of otariid: the Galápagos fur seal (Arctocephalus galapagoensis) and the Galápagos sea lion (Zalophus californianus wollebaeki). He demonstrated that acoustic recognition was mutual-not only did mothers discriminate between calls of their own pups and those of strange pups, but pups also discriminated between calls of their mothers and those of an unrelated female. Mutual recognition has since been documented in a variety of otariid species (Charrier et al., 2001; Insley, 2001) .
Playback research conducted with fur seals has helped clarify important cognitive aspects of parentoffspring conflict. Parent-offspring conflict results primarily from the fact that the relative costs and benefits of parental investment are not equal for parents and for offspring (Trivers, 1974) and has implications for the relative importance of effective mother-pup recognition. Wiley (1994) provided a valuable framework for the analysis of errors in animal communication based on the premise that animals cannot simultaneously minimize both false alarms (responding to an inappropriate signal) and missed detections (failing to respond to an appropriate signal). Instead, they are forced to make compromises with respect to the relative importance of either error. For a female fur seal, the cost of responding to the call of a strange pup (a false alarm) is a waste of a valuable resource (milk) likely causing her own pup to starve. The cost of failing to respond to calls of her own pup (a missed detection) similarly causes the loss of her pup. For a pup, the cost of a false alarm is possible injury caused by aggression from an unrelated female, while the much greater cost of a missed detection is certain death by starvation. The large asymmetry in the cost of false alarms and missed detections in pups suggests that pups should have a more liberal response criterion compared to females. This has indeed been demonstrated both in Northern (Callorhinus ursinus) and Subantarctic (Arctocephalus tropicalis) fur seals through playbacks of in-air calls (Insley, 2001; Charrier et al., 2002b Charrier et al., , 2003b . In addition, Subantarctic fur seal pups increase their likelihood to respond to calls from an unrelated female the longer their mothers remain absent (Charrier et al., 2002a) , probably reflecting an increasing cost for missed detections. Presumably because the costs of recognition errors are so high, fur seals have evolved impressive abilities for acoustic discrimination. Newborn Subantarctic fur seals learn to recognize their mothers' calls within a matter of days (Charrier et al., 2001) . Females in this species are able to account for maturational changes in the structure of their pup's call and recognize it after up to three weeks of absence (Charrier et al., 2003a) , and young Northern fur seals are able to retain maternal calls in memory for at least four years (Insley, 2000) .
In contrast to otariids, phocids typically lack extended lactation periods, and mothers and pups typically remain together until weaning in many species. Many phocid seals also breed in dense aggregations, however, and ice-breeding species cannot always rely on landmarks to relocate mothers or pups should separation occur. McCulloch et al. (1999) analysed calls of grey seal pups on the Isle of May, Scotland, for individual variation and conducted playback experiments to test whether females used such variation to discriminate between the in-air calls of their own pup and strange pups. The analysis detected pronounced individual variation in call structure, but playbacks showed that females failed to discriminate between calls of filial and nonfilial pups. Observations showed that suckling of strange pups (allosuckling) was common in this colony, which suggests that non-acoustic means of pup recognition are also rudimentary in this population. In contrast, playback trials conducted with grey seals on Sable Island, Canada, showed that females consistently recognized the calls of their own pups (McCulloch & Boness, 2000) . This is surprising in so far as separations of mother-pup pairs are far less common on Sable Island than on the Isle of May. The two studies illustrate the point that the presence of individual variation alone is insufficient evidence for discrimination and show that abilities for acoustic discrimination can vary tremendously among different populations of the same species.
Mother-offspring recognition only requires that the mother and the offspring memorize a single vocalization type and discriminate between it and all other vocalizations. In its simplest expression, such recognition could be achieved by discrimination between familiar and unfamiliar vocalizations (but playback experiments using calls of neighbouring unrelated females or pups argue against this possibility; see McCulloch & Boness, 2000) . True individual recognition in contrast requires that animals are able to discriminate between vocalizations of several individuals not based on familiarity alone, thus demonstrating a mental association between the vocalization and the identity of the caller. Such true individual recognition is thought to be a prerequisite for much social behaviour. Sayigh et al. (1999) played signature whistles back to temporarily restrained female bottlenose dolphins and their independent offspring in Sarasota Bay, Florida. Females reacted significantly stronger to underwater playbacks of whistles of their independent offspring compared to those of an unrelated, but familiar individual of similar age. Similarly, offspring reacted significantly stronger to playbacks of whistles of their mothers compared to those of an unrelated, familiar adult female. The fact that independent offspring only travel with their mothers infrequently in this population in combination with the lack of responses to whistles of familiar, unrelated individuals rules out familiarity as the sole basis of recognition and, therefore, makes a strong case for true individual recognition. Janik et al. (2006) recently obtained the same responses from playbacks of artificially resynthesized signature whistles demonstrating that individual identity is encoded in the shape and frequency contour of the whistle rather than some other acoustic feature.
The study of individual and kin recognition in marine mammals is a research area where playback approaches have been employed with the most success to investigate the cognitive abilities of marine mammals in the wild. By no means has this field been researched exhaustively, however. Mother-offspring recognition has been studied only in a small number of species from a narrow taxonomic range. Additional research into recognition abilities of phocid seals may be especially rewarding. While several species of odontocetes exhibit complex group-specific variation in their vocal repertoires (e.g., killer whales: Ford, 1991; Yurk et al., 2002; sperm whales: Rendell & Whitehead, 2003) , the use of playback studies to determine the possible function of such variation has been limited to a single study- Rendell & Whitehead (2005) . Rendell & Whitehead played codas back to social groups of sperm whales in Chilean waters to assess the function of variation in coda patterns but found few consistent responses. Given the amount of information provided by the application of playbacks to the study of other marine mammal recognition systems, further playback studies seem especially timely here.
Playback Experiments in the Study of Predator-Prey Interactions
Many marine mammals rely primarily on sound to localize prey or to detect the approach of predators. To date, little research has investigated the acoustic dimension of predator-prey interactions; however, the few studies conducted in this field have demonstrated that certain species employ complex cognitive abilities to evade predators or to detect and capture prey. So far, all field playback experiments to marine mammals as potential prey have investigated responses to playbacks of killer whale calls. Cummings & Thompson (1971) played a recording of killer whale calls to migrating grey whales off California and documented strong avoidance-gray whales approaching the playback vessel turned around and headed away from the playback source. The animals remained cryptic by surfacing low and creating little surface disturbance. Some individuals headed for kelp beds and stayed there until playbacks ceased, spy-hopping frequently. This study showed that gray whales rely at least in part on acoustic cues to locate their main predator and that they possess the ability to precisely localize the source of a sound. As discussed earlier, Fish & Vania (1971) played the same recordings to belugas similarly eliciting strong avoidance. Deecke et al. (2002) investigated the response of Pacific harbour seals to underwater calls of different types of killer whales and found that the seals were able to discriminate between the calls of local fish-eating and mammal-eating killer whale populations. Given the fact that the fish-eating populations show a complex system of group-specific variation in vocal repertoires (Ford, 1991) , the seals' ability to discriminate between populations is an impressive cognitive feat. While the seals did not respond to the calls of local fisheating populations, playbacks of calls of a closely related and ecologically similar fish-eating population found 600 km to the north elicited a strong response. The fact that the seals ignored the calls of familiar fish-eating killer whales but responded to the calls of fish-eating killer whales with which they had no prior experience showed that the discrimination is the result of selective habituation. The seals started with a general acoustic predator image that presumably includes all killer whale calls from which they have eliminated certain irrelevant cues, namely the calls of harmless fisheating killer whales, by habituating to them. The seals therefore learned what not to fear and thus focused their fear on local threats identified by learning and experience.
The fact that harbour seals selectively habituated to calls of harmless familiar killer whales raises interesting questions about the earlier playback experiments with gray whales and belugas. Comparison of the spectrograms provided by Cummings & Thompson (1971) with those of Ford (1991) shows that both playbacks were of a recording of Southern Resident killer whales, a population known to feed exclusively on fish (Ford et al., 1998) . The fact that belugas and gray whales responded so strongly to the calls of killer whales that pose no threat to them suggests either that they had insufficient experience with the calls of Southern Resident killer whales or that gray whales are unable to habituate to killer whale vocalizations. Gannon et al. (2005) conducted the first and so far only playback experiment to study prey detection by a marine mammal predator. Although bottlenose dolphins have sensitive echolocation abilities, they echolocate surprisingly little in the wild, raising the possibility that they may localize prey through passive listening. To test this possibility, Gannon et al. played recordings of different sound-producing fish to bottlenose dolphins in Sarasota Bay. Recordings of snapping shrimp (Alpheus spp.) served as a control. Focal dolphins responded to the playback of fish sounds by orienting significantly more towards the sound source and increasing their echolocation output. These results could be partially explained by a response to a novel sound stimulus (snapping shrimp were recorded in Sarasota Bay, while fish sounds came from a variety of locations), but, nonetheless, the playback experiments showed that wild dolphins exhibit interest in the fish sounds, which provided some of the first evidence in support of the passive listening hypothesis.
Given how little is known about prey localization in marine mammals, it is surprising that similar playback approaches have not been used more often. We currently have no information on the mechanisms by which baleen whales detect concentrations of fish or crustaceans. Playbacks of sounds recorded from crustacean swarms or fish schools would be comparatively easy to conduct to determine the role of passive listening. In the northeast Pacific, mammal-eating killer whales use echolocation extremely sparingly, and Barrett-Lennard et al. (1996) suggested that these predators may similarly rely on passive listening for sounds generated by their marine mammal prey. Again, testing this hypothesis using playbacks of sounds recorded from potential prey (echolocation clicks, breathing sounds, and communicative vocalizations) would be relatively straightforward.
Playback Experiments to Determine the Function of Communicative Vocalizations
Testing hypotheses about responses to conspecific sounds using playback experiments is one of the most powerful approaches to determine the function of such vocalizations. Indeed, the first field playback experiment on marine mammals was conducted with such a hypothesis in mind. Watkins & Schevill (1968) played back recordings of different conspecific underwater sounds to Weddell seals to test the prediction that trills function in dominance, low pulses are threat displays, and chirps may represent inquiry. While the observed responses did not necessarily confirm these predictions, the experiments showed for the first time that it is possible to elicit realistic responses from marine mammals using underwater playbacks. This study also provided some of the first evidence for vocal matching in a freeranging marine mammal. Focal animals often responded to playbacks by emitting a vocalization of the same type. Thomas et al. (1983) expanded on this research by investigating vocal responses of Weddell seals to playbacks of sequences of conspecific calls at breeding sites and nonbreeding haulouts at McMurdo Sound, Antarctica. They were able to assign function (such as territorial advertisement, aggression, threat, and submission) to several vocalization types as well as document a difference in the vocal response from breeding and nonbreeding animals. Hayes et al. (2004b) used playbacks to determine the function of underwater sounds produced by Pacific harbour seals during the breeding season. At this time, male harbour seals produce distinctive low-frequency vocalizations thought to form part of a lek display or play a role in malemale competition. The structure of these vocalizations appears to be correlated with the dominance status of vocalizing males. Juvenile males of low status produce calls of higher frequency and shorter duration than dominant individuals. To determine whether these vocalizations play a role in male-male competition, Hayes et al. conducted underwater playback experiments at eight locations in an estuarine channel. To test whether males use structural features of the call to obtain information about the dominance status of the calling individuals, short, high calls as well as long, low calls were played. The playback trials showed that males held territories-the same individual always responded to playbacks at the same location, and where sex could be established it was always found to be a male. The results also suggested that call structure codes information about the caller's dominance status, and that territorial males use this information to make behavioural decisions-that is, male seals responded more often with territorial behaviour (approaching and slapping the water surface with hind or pectoral flippers) to playbacks of short, high-frequency calls indicating a subdominant intruder. Morgan (1970 Morgan ( , 1973 used playbacks to both free-ranging and captive belugas to investigate the function of different vocalizations. All playbacks to free-ranging belugas in the St. Lawrence Estuary, Canada, caused a decrease in vocal activity but elicited no change in the dive behaviour of the group. Playbacks of certain sounds, such as jaw claps, caused some individuals to approach the boat and inspect the sound source. Playback of a stereotyped call type recorded from a captive individual back to the same animal consistently caused the animal to respond with the same call type. This provides evidence for call matching and suggests that this particular call type may serve as a contact call. The fact that the captive animals showed very little response to vocalizations of free-ranging animals and vice versa caused Morgan to suspect geographic variation in beluga vocalizations. This has been confirmed since then through analysis of vocal repertoires (e.g., Angiel, 1997; Bel'kovich & Sh'ekotov, 1993) . Clark & Clark (1980) conducted the first playbacks of conspecific sounds to mysticetes to test if Southern right whales (Eubalaena australis) respond differently to recordings of their species' calls compared to artificial sounds of similar frequencies, human imitations of Southern right whale calls, or humpback whale sounds. Playbacks were started when a single whale or small group had passed a loudspeaker moored 100 m offshore and were headed away from it. When conspecific calls were played, right whales consistently turned and moved towards the speaker, increasing their vocal output. The single broadcast of human imitations of Southern right whale calls produced a similar response. Southern right whales that were exposed to broadcasts of artificial signals, humpback whale sounds, or control playbacks (recordings of water noise) continued to move away from the speaker and did not vocalize more. The study therefore showed that Southern right whale vocalizations attract conspecifics. More recently, Parks (2003) investigated whether calls recorded from surface active groups of Northern right whales and lone individuals attract conspecifics. Surface active groups are typically composed of a single adult female with two or more males engaged in surface active behaviour. They are thought to play a role in reproduction and are accompanied by a distinctive type of vocal behaviour thought to originate from the female. Another type of vocalization called the "gunshot sound" is thought to be produced exclusively by males. Parks found that playbacks of sounds from surface active groups typically elicited approaches by nearby individuals. This response appeared equally strong for recordings of conspecific (Northern right whale) and heterospecific (Southern right whale) surface active groups. All identified individuals approaching after playbacks of calls from conspecific surface active groups were male, but playbacks of heterospecific calls elicited approaches by females and juveniles as well as males. Right whales did not respond with approach to playbacks of gunshot sounds. These results suggest that Northern right whales approach playbacks of conspecific and heterospecific calls for different reasons. Males presumably move towards playbacks of sounds of conspecific surface active groups because they perceive them as a mating opportunity, whereas the approach of all age and sex classes to sounds of heterospecific surface active groups may represent inquisitiveness towards a novel stimulus. The lack of responses to playbacks of gunshot sounds showed that whales do not respond indiscriminately to all right whales sounds. Tyack (1983) and Mobley et al. (1988) conducted underwater playbacks of different types of conspecific vocalizations to humpback whales off Hawaii. Tyack played recordings of songs: long patterned sequences of stereotyped vocalizations exclusively produced by males, and social sounds, which are vocalizations and percussive sounds produced by groups of five to eight individuals in which males were fighting, probably for access to a female in the group. Focal males that were singing during playback trials typically stopped upon hearing both songs and social sounds. Whales occasionally approached the boat rapidly after playback of social sounds but never after the playback of songs. Instead, whales typically moved away after the playback of songs, as did all animals that did not charge when exposed to social sounds. The results showed that, much like right whales, sounds of surface active groups attract humpback whales. Attraction may not be the primary purpose of the social sounds, however. Instead, they may function in the interactions between males in a surface active group, and other males may cue in on these sounds to locate groups. Mobley et al. (1988) similarly played recordings of songs and social sounds and, in addition, presented whales with synthesized sounds as well as recordings of feeding calls recorded in southeastern Alaska during the summer months. At 163 dB re. 1µPa, the sound level of the playbacks of Mobley et al. was 8 dB higher than that of Tyack, but both playback levels fall within the range of normal peak source levels of humpback song (151 and 173 dB re. 1µPa, respectively; Au et al., 2006) . Unlike Tyack, Mobley et al. found no evidence that animals moved away from playbacks. The presentation of feeding calls elicited the largest number of fast approaches followed by social sounds, synthetic sounds, and songs. Only 8% of focal animals responded with fast approaches to playbacks of social sounds compared to 55% in the study of Tyack. This difference could be due to the difference in playback volume, perhaps signalling a difference in the perceived urgency or threat of the playback stimulus. Although fast approach responses to songs were extremely infrequent, it appears that playback of old versions of songs (recorded four years prior to playback) elicited more fast approaches compared to playbacks of recently recorded songs. The finding of both studies that song playbacks did not attract focal animals suggests that one important function of humpback song is territoriality and male-male competition. This does not, however, preclude a role in mate attraction and female choice.
These studies illustrate the usefulness of a playback approach to answer functional questions about marine mammal vocalizations. While observational studies provide a valuable contribution towards formulating hypotheses about the function of vocalizations, testing these hypotheses requires experimental manipulation best done using playback procedures. It is therefore not surprising that the most revealing playback studies discussed here were those in which clear hypotheses about the functional significance of sounds were formulated a priori from observational data and tested using playback trials (e.g., Parks, 2003; Hayes et al., 2004b) . Since we are only beginning to understand the acoustic behaviour of many marine mammal species sufficiently to be able to formulate such hypotheses, playback experimentation will continue to play a strong role in this field for years to come.
Methodological Considerations of Playback Experiments
The Challenge of Conducting Marine Mammal Playbacks in the Field
Compared to studies of terrestrial animals, such as songbirds or anuran amphibians, conducting field playbacks with marine mammals can be challenging. Equipment for the recording and broadcast of underwater sound tends to be costly. Boat-based research in exposed areas can be limited to extremely short time windows. Animals can be difficult to localize and detect, and quantifying behavioural responses under water can be difficult or impossible. These logistical constraints are probably an important reason why playback experiments to study marine mammal cognition in the wild have been so limited in number. Even so, the review of marine mammal field studies that have used playback techniques to date has shown that the logistical challenge of conducting field playbacks is a small price to pay for the analytical power of the approach. In fact, it is exactly because of this logistical challenge and the high cost of field research of marine mammals that it is important that researchers in this field follow sound playback protocol and analytical procedure to avoid frustration, the misdirection of funds and research effort, and the collection of meaningless data and presentation of erroneous conclusions. I will point out some of the considerations involved in designing and conducting playback experiments of high scientific quality with marine mammals. Much discussion has focused on improving the quality of playback experiments with terrestrial animals (e.g., Kroodsma, 1989; Gerhardt, 1992; McGregor, 1992b) , and it seems timely to draw on the experiences gained to address the same issues for marine mammals. Issues to consider when designing and conducting field playback experiments with marine mammals are summarized in Table 2 and discussed in detail below.
Appropriate Presentation of Playback Stimuli
Whether a focal individual will perceive a playback stimulus as realistic enough to exhibit an appropriate response depends on the urgency of the signal, the fidelity of the stimulus, its source level, as well as the context in which it is presented. The urgency of any signal is determined by the importance of an appropriate response to the receiving individual's fitness. Signals have high urgency if an appropriate 3. Appropriate control of playback stimuli a. All equipment and personnel used to broadcast sound and document behavioural responses must be in place and operational during the control condition to control for observer effects. b. Sound sequences used as controls must contain background noise of similar amplitude and spectral composition as the treatment sequences to control for extraneous stimuli. c. Positive controls using stimuli known to evoke responses can provide valuable information in situations where it is unclear whether a treatment will elicit a response.
4. Appropriate replication a. Playback trials treated as independent in the statistical analysis should each be conducted with different, independent exemplars of the playback stimulus. b. Playback trials treated as independent should be conducted with different, independent focal individuals or groups. c. If independence of replicate trials cannot be achieved due to logistical constraints, this should be addressed in the statistical analysis. d. If independence of trials cannot be achieved, published results should clearly identify which trials are truly independent and which are not.
response is required to ensure an animal's survival or reproduction, and signals have low urgency if an appropriate response brings only a minor fitness benefit. Animals are much more likely to respond to playbacks of urgent signals of relatively poor fidelity. The difference in response to manipulated calls by female and pup fur seals observed by Charrier et al. (2002b Charrier et al. ( , 2003b illustrates this point. This fact can explain the relative success of eliciting realistic responses by playbacks of predator calls compared to playbacks of conspecific communicative vocalizations not immediately related to reproduction or survival. Fidelity describes the acoustic quality (in terms of signal-to-noise ratio, frequency range, and distortion) of a recorded and broadcast signal. Watkins & Schevill (1968) already noted the importance of fidelity in playback experiments. While broadcasts of conspecific calls of poor acoustic quality elicited aggressive responses but no vocalizations from Weddell seals, playbacks of higher fidelity elicited vocal rather than physically aggressive responses. Many marine mammals have excellent high-frequency hearing, and the playback stimulus should ideally be recorded and broadcast in the entire frequency band audible to the study species. High frequencies experience greater attenuation under water. Therefore, it may be possible in a few cases to realistically broadcast playback stimuli using equipment with an upper-frequency limit below that of the study species' hearing by designing the playback set-up to re-create the perception of distant sounds rather than ones generated right next to the focal individual. In any case, it is important to know as much as possible about the hearing abilities of the study species before purchasing equipment to record and broadcast playback stimuli. It is also good procedure to rerecord several examples of the playback stimulus and to analyze them for frequency content and fidelity (e.g., Rendell & Whitehead, 2005) .
Similar considerations apply to choosing the appropriate source level for playback. Choosing a source level that is too low may result in animals failing to detect the playback stimulus or ignoring it because they do not perceive it as realistic or urgent. The latter possibility is a concern especially with sounds used in mate attraction or intrasexual competition where source levels may code information on the quality of the calling individuals. Conversely, choosing a source level that is too high and thus creating a supernatural stimulus may equally elicit unrealistic responses or result in the animals failing to respond at all. Adjusting source levels of playbacks to simulate distant stimuli may be possible to a degree. However, doing so may elicit an equivocal response since marine mammals are likely to rely on additional cues, such as signal degradation and differential decay, to determine their distance to the sound source (see Tyack et al., 2003) . While measuring source levels in the terrestrial environment is relatively inexpensive and easy, obtaining such measurements in the aquatic environment requires the use of calibrated hydrophones. The potential dangers associated with using inappropriate source levels for playbacks make this extra investment of money and effort well worthwhile. For descriptions of different methods to measure source levels of sounds produced by marine mammals, see Janik (2000), Wahlberg et al. (2002), and Miller (2006) . Due to the complexities of sound propagation under water, it is also useful to take sound-level measurements at various distances from the playback source to map the generated sound field empirically and estimate received levels for focal animals at various locations (e.g., Malme et al., 1988; Frankel & Clark, 1998 .
An important consideration when conducting playback experiments is the behavioural context in which animals are exposed to the stimulus. Many communicative signals are associated with specific contexts, and presenting them outside of their contexts can evoke responses quite different from those typically observed. For example, the fact that Mobley et al. (1988) observed very strong responses to playbacks of Alaskan feeding calls from humpback whales on the breeding grounds in Hawaii, a context in which these animals would not normally experience these sounds, does not mean that the animals would necessarily respond in the same manner on the Alaskan feeding grounds. Similarly, the playback of sounds associated with reproductive behaviour (e.g., Hayes et al., 2004b ) may elicit very different responses (or fail to elicit any response) from nonbreeding animals (see also Thomas et al., 1983) . External sound stimuli, such as heterospecific sounds or anthropogenic noise, can also elicit very different responses depending on the behaviour state of the focal animal before and during playback (e.g., Malme et al., 1983 Malme et al., , 1988 . For animals with both underwater and in-air hearing, sounds that are typically heard under water may elicit very different responses when presented in the air and vice versa. Determining the appropriate context for a playback stimulus requires a good understanding of the behavioural repertoire and communication system of the study species-information that can be obtained from observational studies.
A related issue concerns the appropriate distance of the playback source to the focal animal. Many underwater acoustic signals of marine mammals are audible over many kilometres (e.g., Janik, 2000; Møhl et al., 2000; Zimmer et al., 2005; Miller, 2006) . Projecting such long-range signals at natural source levels in close proximity to a focal animal creates an unnatural situation since under normal circumstances the animal would likely have perceived faint degraded versions of the signal long before hearing it at close range. This unnatural situation can elicit responses not representative of normal behaviour. The lack of consistent responses of sperm whales to coda playbacks reported by Rendell & Whitehead (2005) may be attributable to the fact that playbacks were conducted as close as 50 m to the nearest whale when sperm whales can probably detect coda vocalizations over many kilometres. Simulating long-range detection in underwater playbacks to marine mammals requires a great spatial distance between the focal animal and the playback source and, therefore, often necessitates the use of a separate observation platform to document responses. The possibility of simulating long-range detection by decreasing source level is limited since this fails to provide other range cues such as signal degradation and differential decay .
Quantifying Behavioural Responses
One of the biggest challenges of conducting underwater playbacks to marine mammals lies in the difficulty inherent in documenting behavioural responses in animals that spend the majority of their time under water. In animals such as odontocetes, however, that navigate and communicate primarily using sounds, behavioural responses typically have an acoustic component, and acoustic responses are relatively straightforward to document and measure (e.g., Thomas et al., 1983; Gannon et al., 2005) . Classic response variables in terrestrial playbacks include the following: (1) inspection of the playback source, (2) orientation or movement towards or away from the playback source, and (3) acoustic responses. In most odontocetes, the occurrence of inspection is easily documented by listening for echolocation clicks. The vocalizations of many marine mammals have directional components (e.g., Møhl et al., 2000; Miller, 2002; Lammers & Au, 2003) so that orientation with respect to the sound source can be inferred acoustically in cases where focal animals vocalize. Use of hydrophones for acoustic localization of focal animals can help to document movement away from or towards the sound source in these situations. Finally, most marine mammals rely primarily on sound for underwater communication, making any communication in response to playbacks easy to document.
Recent advances in the development of telemetry techniques and data-logging devices have greatly improved the ability of researchers to document underwater and surface behaviour of marine mammals. These techniques are especially valuable when assessing responses to field playbacks. Miksis et al. (2001) described the use of a tag to measure cardiac responses to playbacks in captive bottlenose dolphins. Similar tags to measure psychophysiological responses could soon be available for deployment in the field and would prove to be a great asset to the study of marine mammal cognition using playbacks. Johnson & Tyack (2003) designed a digital recording tag for temporary attachment to cetaceans using suction cups that records sounds received and emitted by the tagged animal and documents its movement in three dimensions. Nowacek et al. (2004) used this tag in playback experiments to Northern right whales with the added advantage that the animals' received levels during the playbacks were recorded. Costa et al. (2003) used tags capable of recording received levels in addition to the depth and movements of the tagged animals to assess the response of Northern elephant seals to ATOC sounds. These examples illustrate the usefulness of data-logging technology in the study of marine mammals, and its role in marine mammal playbacks is likely to increase further in the near future.
A final consideration with respect to quantifying responses to playbacks lies in the choice of which response variables to measure. Analyzing a limited number of behavioural parameters can mean missing significant behavioural responses. For example, an analysis of the response of Pacific harbour seals to playbacks of killer whale sounds (Deecke et al., 2002) documented a significant decrease in the number of seals visible at the surface but no consistent change in the distance of the nearest animal to the sound source. This was presumably because after diving away from the surface, the seals moved towards areas of shallow water or kelp beds that provided refuge from predation, and the movement with respect to the sound source depended on where these refuges were located. The choice of response variables is often limited by which behavioural parameters can actually be measured, but observational studies and pilot playback trials can help identify responses and choose appropriate response variables.
McGregor (1992b) reviewed the advantages and disadvantages of using multiple measures to quantify responses to playbacks. Relying on multiple behavioural parameters increases the likelihood of describing the behavioural response adequately, but this leads to statistical problems as many of the parameters collected are likely to be correlated (e.g., dive duration and distance covered during a dive in Frankel & Clark, 1998 . An effective method to circumvent this problem is to use multivariate statistics such as principal components analysis to reduce multiple measures to variables that are statistically independent of each other. This method has the disadvantage that it can be difficult to determine the nature of the response from published results. It does present a statistically sound approach towards quantifying behavioural responses in playback experiments, however, where the nature of behavioural change in response to playback is difficult to predict a priori.
Appropriate Controls in Playback Studies
There is considerable debate on what constitutes an appropriate control for playback experiments, and the type of control used often depends on the exact phrasing of the research question. For example, if playback experiments of killer whale calls are conducted to harbour seals to test whether mammal-eating killer whales pay a cost for calling in terms of alerting potential prey, an appropriate control would be a recording of silent killer whales (i.e., segments of background noise without calls extracted from a recording of killer whales; Deecke et al., 2002) . If, however, the question is whether harbour seals respond to killer whale calls (rather than to any sound of similar loudness and frequency composition), recordings of a nonthreatening sound stimulus with a similar frequency composition, such as the social sounds of humpback whales, may be more appropriate as a control (see Gannon et al., 2005 , for a similar use of a biological sound as a control).
Regardless of the research question, all playback experiments need to control for two confounding factors: (1) observer effects and (2) equipment effects. Observer effects result from responses of focal animals to the presence of the researchers or vessels involved in broadcasting the sounds or measuring the response variables (such as vessels following focal animals or groups, e.g., Malme et al., 1988) . Equipment effects are generated by responses to the presence of the playback equipment, to extraneous noise or other stimuli generated during playback, and to equipment used to quantify behavioural responses (e.g., tag effects). Extraneous noise includes the background noise invariably present in any field recordings of marine mammals as well as any noise artefact generated by the playback equipment. Controlling for these two types of effects means that all personnel and equipment used to broadcast sound and measure responses must also be in place during the control condition. It also means that the playback equipment must be switched on and fully operational during the control condition and that sound sequences used as controls must contain background noise of similar amplitude and spectral composition as treatment sequences. In experiments where information is hypothesized to be encoded in the frequency modulation of a signal over time, playing the signal backwards can constitute a valuable control since the overall frequency composition of both signal and noise is maintained but the temporal modulation is not. Paired experimental designs can be especially powerful-for example, if the same recording sessions are used to generate treatment and control sequences (e.g., Deecke et al., 2002) . The most convincing results come from studies where the same stimulus can be used as a treatment in one trial but as a control in another, as is the case in the study of mother-offspring recognition in otariids and odontocetes (McCulloch et al., 1999; Sayigh et al., 1999) .
In situations where it is unclear whether a given treatment will elicit a detectable response, including a positive control in the experimental design can provide valuable information. A positive control includes a stimulus with a high degree of urgency that is likely or known to elicit a response. In cases where the presentation of a treatment stimulus fails to elicit a response, a positive control can help determine whether the failure to detect a response is due to inappropriate playback equipment or design or whether the tested stimulus simply does not evoke a response. Gannon et al. (2005) provided a good example for the appropriate use of a positive control. They used recordings of conspecific whistles, which were known to elicit orientation responses from bottlenose dolphins (Sayigh et al., 1999) , as a positive control in their study to investigate the response of this species to recordings of fish sounds. In any case, the numerous challenges involved in conducting appropriately controlled playback studies demonstrate that when designing and executing playback experiments, the amount of thought and effort invested into control and treatment trials should be roughly equal. Kroodsma (1989 Kroodsma ( , 1990 first pointed out the dangers of pseudoreplication of trials in playback experiments. While his papers sparked a lively discussion on the issue (e.g., Catchpole, 1989; Searcy, 1989) , the general consensus was that pseudoreplication should be a serious concern (McGregor et al., 1992). Pseudoreplication means the treatment of replicate trials as statistically independent when in reality they are not. The most common forms of pseudoreplication in playback experiments are (1) testing different focal animals in multiple trials with the same playback stimulus and then considering the response observed in each trial as statistically independent and (2) testing the same individual with different playback stimuli and treating its responses as statistically independent.
Appropriate Replication
The first form of pseudoreplication tends to be far more common in field playback experiments, while the second form is often a concern in captive studies where the number of study subjects is limited.
The main problem with pseudoreplication is that it endangers the external validity of the documented response. In cases where a single playback stimulus is presented in multiple trials and statistically compared to a control, the results adequately reflect the response of the animals to that particular exemplar of the stimulus, but they do not necessarily reflect the response to the class of sounds from which the stimulus came. For example, before one can conclude that harbour seals respond to calls of a particular population of killer whales in a certain way, one has to expose many harbour seals to many different call types from that population. Failing to do so raises the possibility that it was something about the particular exemplar used, but not about killer whale calls in general, that elicited the specific response. The second type of pseudoreplication is probably more obvious-conducting multiple playback trials with the same individual allows one to determine the response of that particular individual to the stimuli but does not allow one to make inferences about the population as a whole.
All studies that use playbacks to determine the responses of animals to certain sound types (and not simply as a tool to modify an animal's behaviour) should therefore present many independent playback sequences to many individuals or independent groups to ensure that their conclusions are valid outside the narrow framework of the study. The relatively common protocol of combining several independent playback stimuli into a single playback sequence and presenting this sequence to many individuals and groups does not avoid pseudoreplication (Kroodsma et al., 2001) . The entire response observed in such a playback experiment could be elicited by a single abnormal stimulus in the sequence rather than the signal class tested as a whole. Independent stimuli should ideally be recorded from different individuals (or noise sources in the case of controlled exposure experiments) in different locations (to account for differences in the noise background). In situations where the number of independent playback sequences is limited for logistical reasons, averaging all response variables collected with the same playback sequence and using the number of independent sequences, not trials, to determine the degrees of freedom avoids the problem of pseudoreplication (Deecke et al., 2002) . This procedure reduces the statistical power of the analysis compared to complete replication but still provides greater power than if only a single trial had been conducted with each sequence since much of the extraneous individual or group-specific variation in the response is eliminated. In any case, when presenting results of playback experiments, researchers should clearly identify which responses were obtained with the same and which with different playback sequences (e.g., Parks, 2003) to allow the reader to assess possible effects of pseudoreplication. In summary, the need for appropriate replication suggests that when designing playback experiments with marine mammals and other species, at least as much research effort and money must be budgeted for obtaining sufficient numbers of independent playback stimuli as for conducting the actual playback experiment. Kroodsma et al. (2001) surveyed the literature on playback experiments conducted with terrestrial animals to assess the frequency of pseudoreplication ten years after the problem was first identified. He found that the large majority of studies (75%) had not truly replicated treatments primarily because they had used limited playback sequences for each treatment to conduct a multitude of trials but had subsequently treated each trial as statistically independent. I have similarly analysed the 46 field playback studies on marine mammals published to date to identify cases of inappropriate replication. Like Kroodsma et al., I have divided the studies into cases of simple pseudoreplication, sacrificial pseudoreplication, and true replications. Simple pseudoreplication designates studies using only a single exemplar of a playback stimulus for each treatment. Studies in which several independent playback stimuli were combined into a single playback sequence for each treatment are included here. Sacrificial pseudoreplication designates studies where several stimuli were used for each treatment, but trials were pooled for each treatment and treated as statistically independent. Studies in which several trials were conducted with the same individual but treated as statistically independent are also included here. True replication finally identifies studies where all trials are truly independent or where non-independence was addressed statistically. The results of this analysis are given in Table 1 and in Figure 3 . Pseudoreplication was not an issue for three studies since playbacks were simply used to modify the animals' behaviour for research or management purposes. In one additional study, insufficient information was provided to assess whether playbacks were replicated properly. From the remaining 42 studies, 25 (60%) showed evidence for some form of pseudoreplication while in 17 of the studies (40%), all trials were truly independent or non-independence was addressed in the statistical analysis. The fact that these figures are better than those for terrestrial playbacks (Kroodsma et al., 2001 ) is encouraging; however, a large number of studies (eight) in the true replication category come from the field of individual or kin recognition where pseudoreplication is inherently rare since the nature of the question requires that the sound recorded from each individual (offspring or mother) can only serve as a treatment stimulus for a single individual. An additional seven studies in this category were controlled exposure experiments in which pseudoreplication is not an issue because the actual sound source investigated was used to broadcast the stimulus (Frankel & Clark, 2000; Miller et al., 2000; Croll et al., 2001; Olesiuk et al., 2002; Fristrup et al., 2003) or because the stimulus was a synthetic signal bound to exhibit almost no variation (Frankel & Clark, 1998) . This means that in the remaining research areas of wildlife management, the study of predator-prey interactions, and the study of the function of vocalizations, only two studies avoided pseudoreplication by conducting each trial with an independent stimulus (Gannon et al., 2005) or by addressing non-independence statistically (Deecke et al., 2002) .
Marine Mammal Playbacks and Pseudoreplication
These findings are by no means meant to suggest that all conclusions drawn from experiments that were not appropriately replicated are meaningless-non-independence becomes a problem only when a stimulus or individual tested is in some way not representative of the population as a whole. The frequent occurrence of pseudoreplication in the field of marine mammal playback experiments, however, makes it close to impossible to determine which conclusions are valid and which are not. This analysis of replication in marine mammal playback experiments has therefore shown that there is much room for improvement in terms of experimental design procedure, and it underscores the need for researchers to budget sufficient resources, effort, and time to obtain adequate samples of playback stimuli.
Summary and Conclusions
Playback is one of only a handful of experimental tools to study cognition in free-ranging animals, and sound playbacks appear to be especially suited for learning about marine mammals, a group of animals that rely extensively on sound to obtain information about their environment and to transmit information through it. Captive research fulfills an important Histogram showing the number of field playback experiments with inappropriate (left two columns) and appropriate (right column) replication; simple pseudoreplication refers to studies in which a single playback stimulus was used for each treatment; sacrificial replication refers to studies where several stimuli were used per treatment to conduct multiple trials, or where the same individuals were treated as independent replicates; and true replication refers to studies where independent playback stimuli were used for each trial or where non-independence was addressed statistically. See text for details.
role in identifying and delineating the cognitive abilities of marine mammals. Descriptive studies are essential for formulating meaningful hypotheses about how the marine mammals interact with their environment as well as with each other, and on how they apply their cognitive abilities to do so. Testing these hypotheses, however, requires experimentation in the wild, and sound playback provides a powerful experimental technique. Although the use of playback experiments in marine mammal science has been rather limited, the contribution from playback studies so far has been substantial. Much of what we know to date about how marine mammals apply their cognitive abilities to meet the challenges of their aquatic environment comes from research using sound playback. Field research on marine mammals entails many logistical challenges. Incorporating a playback component into a field research project can add yet another set of challenges to an already extensive list. Even so, the review of the marine mammal playback literature has shown that these challenges are worth meeting. In addition, the section on playback protocol has hopefully pointed out ways to overcome some of the obstacles on the way towards sound playback design and procedure and has shown that other obstacles are not as formidable as they may initially seem. A growing amount of information about the behaviour of marine mammals in the wild from an increasing number of long-term studies provides a rich background against which to frame cognitive questions. Many of these long-term studies incorporate an acoustic component, and the resulting databases of recordings will increase the availability of acoustic stimuli for future playback experiments. Acoustic monitoring and innovative technologies, such as digital tags and telemetry techniques, are making it easier to document the behaviour of marine mammals in response to underwater playbacks. All these developments will help to make playback experimentation on wild marine mammals less challenging and more effective in the future. The logistical and financial constraints of marine mammal field research make it difficult to repeat studies in order to confirm the validity of conclusions drawn or to correct experimental mistakes. This means that great care must be taken to "get it right the first time"-to apply sound experimental design and playback procedure from the beginning. Researchers of marine mammals can benefit much from the extensive literature on terrestrial animals, where playback is a standard experimental tool and many excellent texts on experimental design and procedure are available (e.g., McGregor 1992a). The review of the marine mammal literature on playbacks suggests that there is currently room for improvement, especially with respect to appropriate replication.
Given how little we know about cognition in many species of marine mammals, there is a substantial need for further playback experiments. Research into the extent to which species such as baleen whales, deep-diving pinnipeds, or mammaleating killer whales rely on passive listening for sounds generated by their prey is required to understand the foraging process of the animals and to assess the degree to which anthropogenic noise interferes with their ability to detect and obtain food. Research on bottlenose dolphins and several species of otariids has documented exceptional capabilities for individual and kin recognition. Many other species of marine mammals are known to exhibit individual variation in their vocalizations, and the possible function of such variation in delineating interactions between individuals in these species remains to be tested. The same is true for the group-specific variation in the vocalizations of some marine mammals. Group-specific variation in vocal repertoires that is correlated with social parameters rather than geographic distance is rare among birds and primates, but it has been described in great detail for some odontocetes (e.g., Ford, 1991; Yurk et al., 2002; Rendell & Whitehead, 2003) . It remains to be tested, however, whether such variation plays a role in influencing behavioural decisions. These are just a few examples of numerous cognitive questions that remain to be answered using playback approaches. The potential for sound future playback experiments in the field of marine mammal cognition research, as well as the larger field of marine mammalogy, is bound to be substantial.
